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Gravitoelectromagnetic inflation was recently introduced to describe, in an unified manner, elec- 
tromagnetic, gravitatory and inflaton fields in the early (accelerated) inflationary universe from a 
5D vacuum state. In this paper, we study a stochastic treatment for the gravitoelectromagnetic 
components Ab = (Ap,,tp), on cosmological scales. We focus our study on the seed magnetic fields 
on super Hubble scales, which could play an important role in large scale structure formation of the 
universe. 

PACS numbers: 



I. INTRODUCTION 



Most of the cosmologists believe that our universe has experienced an early period of accelerated expansion, called 
inflation 0, 0, [|. Inflation provides a mechanism that explains the origin of the large scale structure formation 
process. In this mechanism quantum fluctuations of the inflaton field that were stretched beyond the horizon become 
J> ■ classical perturbations. In the stochastic approach of inflation the dynamics of the quantum to classical transition 
C*") ' is effectively described by a classical noisejj, HI- In this approach the scalar field is coarse grained. Thus, the field 
modes are splited into a subhorizon and a superhorizon parts. The superhorizon part, which describes the fluctuations 
on cosmological scales, constitutes the classical and homogeneous coarse-grained field driven by the stochastic noise 
due to the subhorizon modes that are leaving the horizon. As the inflationary universe expands rapidly, more and 
more short wavelength modes are stretched beyond the horizon and thus the number of degrees of freedom of the 
coarse-grained field is being increased. This phenomena is viewed by this field as a noise. The dynamics of this 
field can be described by a second order stochastic equation, which can be rewritten as two first order (Langevin) 
equations. The stochastic properties of the relevant noise depend of the window function that separates the sub and 
I . superhorizon modes [||. 

^Jy On the other hand, the possible existence, strength and structure of magnetic fields in the intergalactic plane, within 
the Local Superclusted, has been scrutinized recently[7[. If the seed of these magnetic fields was originated during 
inflation, the study of its origin and evolution in this epoch should be very important in cosmology Q. The origin 
of the primordial magnetic fields has been subject of a great amount of research^. These concepts can be extended 
and worked in the gravitoelectromagnetic inflation formalism recently introduced in [icl |. Gravitoelectromagnetic 
inflation was developed with the aim to describe, in an unified manner, the inflaton, gravitatory and electromagnetic 
fields during inflation. The formalism has the adventage that all the 4D sources has a geometrical origin and can 
explain the origin of seed of magnetic fields on cosmological scales observed today . Gravitoelectromagnetic inflation 
was constructed from a 5D vacuum state on a R A bcd — globally flat metric. As in all Space Time Matter 
(STM) models [11], the 4D sources are geometrically induced when we take a foliation on the fifth coordinate which 
is spacelike and noncompact. There is a main difference between STM and Brane- World (BW)[H formalisms. In 
the STM theory of gravity we do not need to insert any matter into the 5D manifold by hand, as is commonly done 
in the BW formalism. The 5D metrics used in the STM theory are exact solutions of the 5D field equations in 
apparent vacuum. The interesting thing here, is that matter appears in four dimensions without any dimensional 
compactification, but induced by the 5D vacuum conditions. 

The aim of this paper is to develop a stochastic treatment for the components Ab = {A 11 , (p) on cosmological scales, 
to be able to make a comparison with the results obtained in a previous paper [Iol|. 
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II. 5D FORMALISM 



In order to describe a 5D vacuum, we consider the 5D canonical metric 13 1 



dS 2 = ip 2 dN 2 - i) 2 e 2N dr 2 - d^ 2 , 



(1) 



where dr 2 = dx 2 + dy 2 + dz 2 . In this line element the coordinates (N,r) are dimensionless and the fifth one ip has 
spatial units. This metric describes a 5D flat manifold in apparent vacuum Gab = 1 and satisfies R A bcd = 0. To 
describe an electromagnetic field and neutral matter on this background, we consider the action 



I = Id x dip\ 



(5) 
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(5) 
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Mr 



.(5) 
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C{A Bl A c - B ) 



(2) 



for a vector potencial with components Ab = (A^,(p), which are minimally coupled to gravity. Here ( 5 'i? is the 
5D Ricci scalar, which is zero for the metric (QJ and l^gol = V'o ^ s a constant of dimensionalization determined by 



g\ = tp s e 6N evaluated at ip = ipo an d N = 0. We propose a 5D lagrangian density in 



^C{A b ,A b ,c)^--QbcQ bc 



(3) 



where we define the tensor field Qbc = Fbc + 19bc (A d -d), with 7 = \J (2A/5) and Fbc — Ac-b — A B -c = —Fcb, 
being (; ) the covariant derivative. The lagrangian density ([3]) can also be expressed as 



^C(Ab,A b .,c) = -- 4 FbcF bc -^(A d 



D 



the last term being a "gauge-fixing" term. The 5D-dynamics field equations in a Lagrange formalism leads to 

A B , D -' D - (1 - X)A C , c < B = 0. 



Working in the Feynman gauge (A = 1), equation ([5]) yields 

1 d 



(5), 



dx c 



^g]g DC A B , D 



= 0, 



(4) 



(5) 



(6) 



{A^,~ ip). Equation ^ is a massless Klein-Gordon-like equation for A B and 
represents the analogous of Maxwell's equations in a 5D manifold in an apparent vacuum. The commutators for A 

&Il Af { B = aC =F BN_„BN, - 



considering all the time that A B 

Vlax 

d(AF^) ~ * - 9 BN A C , c are given by 

A°(N, r, ip), 5 s (N, ?, ip') 
A c (N,r,ip),A B (N,f',ip') 



ig CB 9 NN 



(5) 



,9o 



(5), 



(r — r'J 5 (ip — ip') , 



n c {N,r,^),Il B (N,r',^) 



= 0. 



(7) 
(8) 



Here tt N = -g NN (A c , c ) and 
and we obtain 



Wg 



is the inverse of the normalized volume of the manifold (TT]). From equations 



A c (N,r,ijj),A B . N (N, 



-i 9BC 



(5) 



,9n 



(5) 
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<S (3) Or- p\ 5(ip- ip') . 



(9) 



Using equations ([T]) and ©, the equation of motion for the electromagnetic 4- vector potential A^ : is given by (the 
overstar denotes derivative with respect to N) 



A H +3 A V _ e -2AT V 2 A M 



' OA" l9 d 2 A» 

^■Ip^y- + Ip 2 



dip 



dip 2 



= 0, 



(10) 



1 In our conventions, capital Latin indices run from to 4 and greek indices from to 3. 
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where 



A" = e~ 3N/2 (^J A»{N,r,iP), being 



(11) 



A^(N,r, V ) 



( 27r )3/2 / d 3 k r I dk^J^^X) 



A=0 



k r k 



-i[k r .r+k^i/)] f\* 



(12) 



such that Q krk , (TV, VO = Q krk . (N) and thus A" (AT, r, if)) = e - 3Ar / 2 (t/> /^) 2 A^(iV, r). Similarly, for y>, we have 



<P +3 v -e -2JV V?v 



4-0— + ip 2 ® 2 ^ 
dijj dip 2 



0. 



(13) 



According to the 5D flat geometry {R^ CD = 0) here used in the action ([2]), the 5D vacuum is described by the 
Einstein equations Gab = 8ttGTab = 0, being Tg the energy-momentum tensor. Hence, the only valid solutions for 
A M and ^ on the metric (p} should describe absence of matter: A c c = (with A = and A 4 = 0). Furthermore, 

using |[7J) the commutator between y> and V becomes 



ip(N,f,ij),<P (N,r',ip') 
which is the same expression obtained in [Til ]. 



(5) 



,9o 



(5), 



(5 (3) (V-r 5 )^-^'). 



(14) 



III. EFFECTIVE 4D DYNAMICS. 



Considering the coordinate transformations 

t = ip N, R = rip , ip = ip, 

equation {!]) takes the form 



^ = [ * 

Wo 



dt 2 - e 2t '^dR 2 



-d V 2 



(15) 



(16) 



which is the Ponce Leon metric that describes a 3D spatially flat, isotropic and homogeneous extension to 5D 
of a Friedmann Robertson Walker (FRW) line element in a de Sitter expansion. Here t is the cosmic time and 
dR 2 = dX 2 + dY 2 + dZ 2 . 



A. The effective 4D electromagnetic field A 11 . 



Now, we can take the foliation if; = tpo in (|16p. such that we obtain the effective 4D metric for R = ip^r 



dS 2 -> ds 2 = dt 2 - 



„2ifnt 



0t dR 2 



(17) 



which describes a 3D spatially flat, isotropic and homogeneous de Sitter expanding Universe with constant Hubble 
parameter H = l/wo and a 4D scalar curvature ^TZ = 12Hq. The effective 4D action on the effective 4D metric 
(HZD is = 0,1, 2, 3) 



(4) I 



d x\ 



(*)« 



(4) 



9o 



i 



16ttG 



i>i>~\ 



(18) 



where the additional term (1/A)Q^Q^\ 



i can be identified as an effective 4D potential. This potential has 



\ip=ip =H Q 

a geometrical origin and can take different representations in different frames. In our case, the observer is in the 



4 



frame described by the velocities — U r — (and hence U R = 0) and {/* = 1. The effective equation of motion for 

> d 2 A»~ 



A" + SHoA^ - e-^^ViA" - Hi 



Al dA» 



dip 2 



0, 



(19) 



where, using equations (HJ) and we obtain i^dA^/dip) + xp 2 (d 2 A fl /dip 2 )\^ =H -i = -2A»\^ =H -x. Here, A' 1 = 

A M (i, JJ) is the effective 4D electromagnetic field induced onto the hypersurface -0 = H^ 1 and the overdot denotes the 
derivative with respect to time. Note that the last term between brackets in eq. (| 19[) acts as an induced electromagnetic 
potential derived with respect A^. This term is the analogous to V'(tp) in the case of an inflationary scalar field as 
used in [lil ], and in our case the dynamics of the component A 4 = — ip is described by 



(p + 3H <p - e- 2Hot V 2 R ip - Hi 



dtp 



0. 



(20) 



On the other hand, transforming the field A^ through the expression A^(t,R) 



' 3N / 2 (^ /^) 2 ^(iV,r,V) 



N=H t,r=R/il>. ,i> =H- 



i~3 H ° t A IJ, (t,R) equation (JTSJ takes the form 



- e- 2Ho *V^^ - (^H 2 + aj A" = 0, 



(21) 



being a — Hq(k 2 — 2) a constant parameter, k 2 = k^/H^, and k^ the wavenumber related to the coordinate ip on 
the foliation ip — ip Q . Expressing A^(t, R) as a Fourier expansion 

3 



A 1 (t, i?) 



1 



(27r) 3 / 2 



rf 3 fcfl dk^J2 e M a l R eikR ' R Qkn(t) + cc S(k^-KH ), 



7=0 



the equation of motion for the effective 4D electromagnetic modes Qk R (t), becomes 

'9 



k 2 e- 2Hot 



tH£ + a 



whose general solution is 



Q kR = o, 

h R [t)=F x n^[v{t)}+F 2 H^[y{t)l 



where y(t) = (k R / H ) e - H " t , v = {l/2H )y^9Hf+a and H remains constant in a de Sitter expansion. 
The corresponding normalization condition for the modes Qk R (i) becomes 

Qk R Q*k a - Qk R Q% R = i- 



(22) 

(23) 
(24) 

(25) 



Therefore, taking into account the Bunch-Davies vacuum condition: F i = and F% = i\J (tt/AHq), we obtain the 
solution of 



Q, 



(26) 



which describes the normalized effective 4D-modes corresponding to the effective 4D electromagnetic field A^ . Note 
that the solution for the 4D-modes of x(£, R) = e 3H °/ 2 <p(t, R) has the same solution as Qk R {t) in the equation (f2"6f . 



B. Coarse-graining in 4D 



In this section we study the induced effective 4D dynamics of the fields x(t, R) and A^(t,R) in a stochastic 
framework. With this aim we introduce the corresponding coarse-graining components of 4D redefined scalar and 
electromagnetic fields 

1 1 '' f dk 4 ,e^k -k R )\a kRki e^% R (t)+cc]d(k^~ K H ) (27) 



XL{t,R) 



A{{t,R) 



(2tt) 3 / 2 
1 

(27T) 3 / 2 



d 3 k f 



d 3 k R / dk^ £ P W ®($ k o ~ k R ) 



x=o 



'knit) + cc S(k^ - kH ). 



(28) 
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These fields describe the scalar and electromagnetic dynamics in the IR sector (k R <C ko), where k R /ko — 
(kji/ H )e~ Hat < d ~ 10~ 3 . This implies that in eqs. and we are taking into account only modes with 

wavelenghts larger than 10 3 times the size of the horizon during inflation. Analogously, the dynamics in the short 
wavelength sector (k R 3> ko) is described by the fields 



Xs(t,R) 



Al(t,R) 



1 



(2tt) 3 / 2 
1 

(2tt) 3 / 2 



d A k R dk^Q{k R - Mo) a kRk y H H Z kR (t)+cc 5(k^ - kH ) 



(29) 



d 3 k R / dk^ ef A) e ( fc A " ^ fc o) b kRk ^ kR - R Q kR {t) + cc 5{k^ - kH ), (30) 



A=0 



being k^ = e 2Hot (|i?o + a). As in the previous sections the relations A& = .4^ + -Ag and x — XL + Xs are satisfied. 
Thus, its dynamics is governed by 



XL-u kR {t)XL = ^[k Q T l3 (t,R) + k K 3 (t,R) + 2k Q j 3 (t,R) 
A f i-iu 2 k Jt)A p L = ti[k\>r)P(t,R) + ka4(t,R) + 2k ^(t,R) 

where lj 2 r = e~" 2H ° t {k R — k 2 ) and 



m(t,R) 

K 3 (t,R) 

v!(t,R) 

4(t,R) 

l!(t,R) 



1 



(2tt) 3 / 2 
1 

(2tt) 3 / 2 

1 

(2tt) 3 / 2 
1 

(2tt) 3 / 2 
1 

(2tt) 3 / 2 
1 

(2tt) 3 / 2 



d 3 k R 6{dk - k R ) [a kB e^ R -% R (t) + cc 
d 3 k R 5($k Q - k R ) \a kR e^ R -% R {t) + cc 



d 3 k R 6($k Q - k R ) [a kR e tkR - R i kR {t) + cc 

3 

^kn^e^MMo-kn) 



b ( k x y k *-*Q kR (t)+cc 



x=o 

3 



^kR^e^S^ko-kn) 



A=0 
3 



> kR (t) + cc 



<? k R E t(X) S ^ ko ~ k ^ b U kR ' R Qk R {t) + cc 



A=0 



The second-order stochastic system (|3lj) and (|32|) can be written as 

i' 5 = ^ + tffc o7 f , ^ = v f3 + dko4 , 

u = ul R {t)xL +i?^o73, XL = w + $km, 



(31) 
(32) 

(33) 
(34) 
(35) 

(36) 
(37) 
(38) 



(39) 
(40) 



with v@ = A 13 — i9fco??4 and u = \l — $kor)z. The conditions to neglect the noise quantities 74 and 73 compared with 
774 and 773 respectively, now become 

Qk R (<3fcfl) 



Qk R Q* kR 



ko 
ko 



ik R (C/ch) 



fc 



(41) 



which are valid on super Hubble scales. The corresponding Fokkcr-Planck equations that describe the dynamics of 



transition probabilities Vi (A L ) (0) , ( i/ 3 ) (0) 



A L y 



and Vi 



xi 0) , M (0) 



XL,U 



&P1 

dt 

dV 2 
dt 



ffPi 



, are 
d 2 V x 



l 2(t)A t3 r^r + -V 11 {t)- 

dV 2 2(A 8V 2 1 _5 2 P 2 



<9x 



3it 2 



9 x| ' 



(42) 
(43) 
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where fi 2 (t) — e 2H ° t k 2 ,(t) and the diffusion coefficients due to stochastic effect of the noises, Vn(t) and Dn(t) related 



to the variables A L and %Li respectively, are 



V ll {t) = %k Q kl\Q# ko \ 2 , (44) 

^3 



D n (t) = ^*o*5 l^fcol - (45) 
Hence, the equations of motion for (A%) = J dAfdv 13 {A^aiA^pVi [A1,v a ] and < \\ >= / ^Xi^ u xi^2 [Xi: u ] are 

| (Xi> = \v xl {t) ~ ^2 2 ^I>)e 3 ^ Qif 2 + a) ^ , (46) 



| < Xl > = ^(t) - ^flfT 8 ^ (^ 2 + a) * " . (47) 



Rewriting expressions (|4*6"|) and (|4"T)l in terms of the original fields A^(t, R) — e ^ Hot A L {t,R) and ipL = e '^ Hat XL, 
we obtain 

| < A 2 > = -3F < A\ > +t-^2^Hl^( V ) + a) , (48) 

| < ^ 2 > = -3iT < ^ > +^2 2 ^ 2 ^ 2 (,) Qff 2 + a) ^ . (49) 

Equation (|48[1 gives information about the dynamics of the electromagnetic field A@ on large-scale. However, although 
< A 2 L > is not an observable, allows to explain the appearance of large-scale magnetic fields. In view of this fact it is 
convenient to calculate the amplitude of the seed magnetic field induced from < A 2 L >. On the other hand, equation 
(|4"9")l describes the dynamic of < tp\ >, that has been studied in more detail in pjj]. The integration of eqs. (|48[) and 
([49]) give us 

{A) = 4 (Al) = ° 96 y U ° 1 + Ce-™°\ (50) 

where C is an integration constant. The power spectrum V{kR) for (</?i) = j (^1) = 6 (2tt)° /q "^^fl^sW^jt*) ~ 



~ 4" 2 ^, (5i) 



where fcjj is the wavenumber related to R. This spectrum is nearly scale invariant for v ~ 3/2 (i.e., for \oi\/Hq <C 1). 
Note that V(kji) is the power spectrum for both, (vl) and (A 2 ). This is an interesting result, because the spectrum 
of (y 2 ) is determinant for the structure formation on cosmological scales after inflation. 

IV. LARGE-SCALE SEED MAGNETIC FIELDS 

Once we know the effective 3D spatial components of the electromagnetic potential and their evolution on cosmo- 
logical scales, we can calculate the components of the magnetic field. In this section we develop a stochastic treatment 
for this field on cosmological scales. 

A. Induced Seed Magnetic Fields. 

By means of the use of the equations (fTTJ)) and (|2"Tj) we obtain that the dynamics of the electromagnetic potential 
A 1 satisfies 

A 1 + 3H A l - e- 2Hot V 2 R A l - a A 1 = 0. (52) 



7 



Considering the physical components of A and B measured in a comoving frame. Using \7 R • B com = and B c 
\/ R x A com in spherical coordinates [Toj. equation (|52")1 becomes 



inot V 2 R Bi om -(a + 2H*)B, 



2\ ni 



) com 



0. 



(53) 



This expression describes the dynamics of the comoving components of the seed magnetic field. Transforming B l 
according to B l com (t,R) — e^^ Hot B l com , from equation (|53|) we have 



6' 



As in the case of A^ 1 , we can express these components as a Fourier expansion 

3 



where b^ and b^' R are the creation and annihilation operators and e l ^{k R ) are the 3-polarisation vectors which 
satisfy ea-s ■ ey) = gtj. Therefore, the equation of motion for Gk R {t) obtained from (f53|) . acquires the form 



R) 



1 



(2tt)3/2 



i=l 



(54) 



(55) 



G kll + 



.2 -2H t 

K R e 



-Bi + a 



G kR = 0. 



The normalized solution of (1551) is 



4 



(56) 



(57) 



where A = ^y/9Hf+4xi and w(t) = j^e 



— _K -H t 



B. Coarse-graining treatment for a seed magnetic field 

Now we are able to obtain the induced seed magnetic field on large-scale related with the electromagnetic potential 
A^ in an analogously manner as we proceeded in the preview sections. Therefore, we introduce the 3D coarse-graining 
field associated with the redefined components of the magnetic field B l com (t, R) as 

3 



Bl I (t, R) 

Jj com. v 1 ' 



l 



(2tt) 3 / 2 



d 3 k R 4)©(^fco - h R ) b [ ly kR - R G kR {t) + cc 



(58) 



where the modes with k R /ko <C d are referred as the outside of the horizon. The short wave length modes are 
described by the field 



1 



4| com M) = 7^)372 /^E e (O (^-^o) b^ R G kR (t) + cc 



(59) 



such that the relation Bl nrY , = B\ I + B% I is satisfied. The stochastic equation of motion for B\ I is given by 

com L>\com Alcorn ^icorn J 



being the stochastic operators 

4(t,R) 
7lM) 



I com 
,2 



«4(t) Bl\ = k r,l(t,R) + k Q Kl(t,R) + 2k 0l \{t,R) 



1 



(2tt) 3 / 2 
1 

(2tt) 3 / 2 
1 

(2tt) 3 / 2 



b k l) e rkRR G kR (t) + cc 



d 3 k R J2^i)S^k ^k R ) 
i=i 

3 

d 3 k R Y,^i)S^k ~k R ) 
i=i 

3 



/=1 



(60) 

(61) 
(62) 
(63) 
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The equation ([60)) can be expressed by the system 



Wt+tikovi W^ = co 2 kR (t)Bl\ com + k 01 l (64) 



where W % is an auxiliary field defined by W l = B\ 



*&h,Qr)\, In this system the effect of the noise 75 can be 



zed if (fc'o) 2 (^{ll) 2 ^ -C (&o) 2 (^(vl) 2 ^ which is valid if the condition 



!#«(r) 2 = tfo 2 , (65) 

U kR^k R \ k o J 

is satisfied. For a de Sitter expansion this condition means that the noise 75 can be neglected on scales Ur <C 
e ffot \/(9/4)i/o + a , i- c - °n super Hubble scales. In such a case the system (|64|) can be approximated by 

W< = n 2 {t)Bl\ com , (66) 

B\ = W l + $k Q r)i (67) 



These are two Langevin equations where the noise 775 satisfies 

2^ T 



(4) = 0, ((^) 2 ) = —-^G» k0 G% h0 8{t - f ), (68) 



which means that the noise r\\ is Gaussian and white in nature. As in the case of A^, the dynamics of the transition 



probability P3 



(B k L )\Zi,(W k )W 



B k T \ ,W k 



I com 



is given through the Fokker-Planck equation 
W k ^~ M 2 W Bl\ + M .,:;' (69) 



m_ k m , fc| 9P 3 1= a 2 p 3 



with Dn(t) = l^-^o^o l^i?fco| 2 being the diffusion coefficient related to S£| . Thus the equation of motion for 
(S i LJ 2 ) = /dB i |L ro ^(^LJ^^LJ i ^[Bt| com ,W fc ] is 

W / \ 1 %9 3 - 2l/ /Q \ 3/2-w 

I ((^LJ 2 ) = l°n(t) c 3 -^2^( V )H^e^ (^H* + a) . (70) 
In terms of the original field (t, R) — e~i Hot B 1 L \ com (t, R), equation (|70|) becomes 

r\ I \ I v Q,<)3-2l/ / Q \ 3/2-1/ 

I ((^| co J 2 ) = -H Q ((B L \ com f) + ^2^r>)<+V*°* Qff 2 + aj . (71) 
The general solution of this equation is 

\(Bl\ co J 2 ) = ^2^T\v)H^ ^+ a y Vrf + Ce-** (72) 
where C is an integration constant. For v — 3/2, this expression is reduced to 



(Bl\ co J 2 ) = ^Hy^ + Ce~™ (73) 
On the other hand the physical magnetic field B p h ys and the comoving one are related by flpj 
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After inflation, B p h ys decreases as a 2 . Therefore, we could make an estimation of the actual strength of the 



cosmological magnetic field . Hence, we can use the expression 

phys ) 



B 



in 



a(t = t ) 
a(t = ti) 

e 8 

a{t = t ) 
a(t = U) 



\ \com ^ ^ 0) 



1/2 
IR 



being ti and to the time at the end of inflation and the actual, respectively. We estimate the factor 

4 ~ 1(T 136 , 



(75) 



(76) 



where we have used Ho = 0.5 x 10 _9 M p that takes into account N e = 63 at the end of inflation for ti = 1.26 x 10 11 G 1 / 2 . 
Note that the eq. (f?6"|) accounts for the actual (at t — to) size of the observable horizon (~ 10 28 cm.) and the size 
of the horizon (~ 3.6 x 10~ 6 cm.) at the end of inflation (at t — ti). In order to obtain an estimation of the actual 
strength of the magnetic field, we substitute equation ([75)) into (|75"|) such that the strength of the magnetic field is 
given by 



1/2 



B 



(a) 



phys , 



(4.9448 x 10 



-16\ 



f r 2 (3/2) Hot 

-n t 



in 



For an integration constant C < 10 , we obtain ( B 



>(o) 



phys 




Ce 



-H t 



1/2 



Gauss. 



(77) 



< 10 9 Gauss, that agrees with some other 



calculations of cosmological magnetic fields strengths made in [16j. Values considered for -d correspond to actual 
scales from 3 x 10 3 to 3 x 10 6 Mpc and a nearly scale invariant power spectrum. 



V. FINAL REMMARKS 



In this work we have studied the emergence of a classical behavior from the quantum dynamics of the components of 
the potential vector Ag = (A^ ,(p), in gravitoelectromagnetic inflation, by considering a coarse-grained average. Our 
approach leads to a suitable formalism for studying the temporal evolution of Ab beyond the slow-roll approximation 
by assuming spatial homogeneity. Thus, we neglect the gradient term in the equation of motion when we consider a 
coarse-grained representation on cosmological scales. This assumption allows us to develop a rather simple description 
of its temporal evolution in terms of two two-dimensional Fokker-Planck equations (one related to xl, which is 
the redefined field of ipi,, and the another related to , which is the redefined field of A^ 1 ), but at the same 
time, it restricts the cases where the formalism is applicable. The approach is based on a consistent semiclassical 
expansion for Ab- In this framework the inflation in a 4D de Sitter expansion is driven by the vacuum mean value 
of the components Ab (whose only non-null part is (Aq) = ipb), whereas the long- wavelength modes of the quantum 
fluctuations reduce to a quantum system subject to quantum noises originated by the short-wavelength sector. In 
other words, (A* 1 ) are considered as null in the universe on an effective de Sitter expansion, being A^{t,R) their 
space-time fluctuations. On the other hand, (A4) = (pi, (which is a constant of t in a 4D de Sitter expansion), is the 
solution of <p(t , R) on the background (spatially isotropic and homogeneous) 4D metric (fTT)) . The range of applicability 
of this assumption must be carefully considered because the regime of temporal evolution and the development of 
spatial inhomogeneities are related. Fo r an effective 4D de Sitter expansion here studied, the scales of viability of our 
approach is kn <C e Hot \J {%/A)H^ + a, which describes super Hubble wavelengths during the inflationary expansion. 
Hence, the system can be considered as classical on cosmological scales due to the contribution of the noises 75 can 
be neglected with respect to r}\. 

2\ V2 



Finally, we have made an estimation of ( I B 



(a) 



phys 



for v ~ 3/2 and we obtained values of the order 



IR 



of < 10 -9 Gauss for scales no much smaller than the actual horizon. Our results agree with the WMAP CMB data 
constrains for cosmological magnetic fields [l^]. It is remarkable that the results here obtained also agree with other 
recently obtained by a different method[I3]. However, the advantage of our stochastic method is that the problem of 

2\ V2 



the divergence for a scale invariant power spectrum (with v = 3/2) in ( I B 



(a) 



phys 



now is avoided. 
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